Background/Aims: Previous studies have shown that trolline possesses various forms of pharmacological activity, including antibacterial and antiviral potency. The present paper addressed the putative hepatoprotective effects of trolline. Methods: Rats received 2 ml/kg CCl 4 (mixed 1:1 in peanut oil) intragastrically twice a week for 8 weeks to induce hepatic fibrosis. The animals were then treated with trolline for additional 4 weeks. Liver pathology and collagen accumulation were observed by hematoxylin-eosin and Masson's trichrome staining, respectively. Serum transaminase activity and collagen-related indicator level were determined by commercially available kits. NF-κB pathway activation was also examined. Moreover, the effects of trolline on hepatic stellate cell (HSC-T6) apoptosis, mitochondrial membrane potential (MMP), and autophagy were assessed. Results: Trolline significantly alleviated CCl 4 -induced liver injury and notably reduced the accumulation of collagen in liver tissues. Trolline treatment also markedly decreased inflammatory cytokines levels by inhibiting the NF-κB pathway. Trolline strongly inhibited HSC-T6 activation and notably induced cell apoptosis by modulating the Bax/Bcl-2 ratio, caspase activity, and MMP. Moreover, trolline significantly inhibited HSC-T6 autophagy, as evidenced by the decrease in the formation of autophagic vacuoles and the number of autophagosomes, by regulating the expression levles of LC3, Beclin-1, P62, Atg 5 and 7. Conclusion: Our study demonstrates that trolline ameliorates liver fibrosis, possibly by inhibiting the NF-κB pathway, promoting HSCs apoptosis and suppressing autophagy.
Introduction
Hepatic fibrosis, characterized by excessive formation of the extracellular matrix (ECM), is the essential pathophysiologic consequence of chronic hepatic injury [1, 2] . Hepatic stellate cells (HSCs) are the main source of the ECM, and their activation is a pivotal event in hepatic fibrogenesis [3, 4] . Thus, enhancing the apoptosis of activated HSCs is of great importance to the treatment of liver fibrosis [5] . In addition to the activation of HSCs, fibrosis-inducing events also lead to the recruitment of inflammatory and Kupfer cells and the subsequent release of reactive oxygen species and cytokines. The transcription factor nuclear factorkappa B (NF-κB) is well known for its involvement in inflammatory responses. Regulation of cell death and inflammation by NF-κB not only emphasizes the role of this transcription factor in the progression of liver diseases but highlights the mechanistic links among liver injury, inflammation, fibrosis, and hepatocellular carcinoma. Previous studies have confirmed that NF-κB inhibition is a potential mechanism for the induction of HSC apoptosis [6] . Hence, this pathway presents a critical target to ameliorate inflammation and liver injury to lessen the severity of liver fibrosis [7] .
Autophagy is a metabolic process in which cells degrade their own components under exogenetic stimulation, such as energy restriction, stress, or inflammation. In this condition, autophagy allows cells to degrade damaged organelles, such as non-functional mitochondria, thus facilitating cell survival [8] . Autophagy is involved in the degradation of long-lived organelles and can promote the survival and activation of HSCs [9] . Moreover, it induces the release of lipid droplets from HSCs and promotes the fibrogenesis of activated HSCs [10] , suggesting that autophagy is closely associated with liver fibrosis.
Trolline is an isoquinoline alkaloid that has been isolated from the flowers of Trollius chinensis Bunge (Ranunculaceae) [11] . It exhibits antibacterial activity against respiratory bacteria such as Staphylococcus aureus, Streptococcus pneumoniae and Klebsiella pneumoniae, and antiviral activity against influenza virus A and B [12, 13] . Recently, our pilot experiment showed that trolline significantly induced HSC apoptosis. Thus, we hypothesized that it may play a potential role in the treatment of liver fibrosis. In the present study, trolline was synthesized and its protective effect on hepatic fibrosis was investigated both in vivo and in vitro.
Materials and Methods

Synthesis of trolline
Trolline was synthesized as previously described [13] , and the synthetic route and reaction conditions are presented in Fig. 1 .
Animals and treatment
Male SD rats (200 ± 20 g) were obtained from Guangxi Medical University Experimental Animal Center (Guangxi, China). This study was conducted according to the protocol approved by the Guangxi Medical University Institutional Ethical Committee. In brief, 60 rats were randomly divided into four groups (15 rats per group) including normal control group, trolline control group, CCl 4 model group and trolline -treated group. The rats in the last two groups received 2 ml/kg CCl 4 (mixed 1:1 in peanut oil) intragastrically twice a week for 12 weeks, while the animals in the first two groups received equivalent amounts of peanut oil. Meanwhile, during weeks 8 to 12, rats in the trolline-treated group were intraperitoneally administered with 0.5 mg/kg trolline once a day; while animals in the CCl 4 model group received equivalent amounts of normal saline. In addition, rats in the normal control and trolline control groups were intraperitoneally administered with equivalent amounts of normal saline and 0.5 mg/kg trolline, respectively, from weeks 8 to 12. At the end of treatment, all animals were sacrificed and blood and liver samples were obtained for further examination.
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Histological examination
Liver fragments were fixed in 10% formalin and embedded in paraffin. Five μm sections were then cut and mounted on glass slides. The pathological damage was observed by hematoxylin-eosin (H&E) staining and the collagen deposition was observed by Masson's trichrome staining as described in our previous work [14] .
Serological tests
Serum levels of alanine transaminase (ALT), aspartate transaminase (AST), alkaline phosphatase (ALP) and c-glutamyltransferase (GGT) were measured by using commercially available kits (Nanjing Jiancheng Bioengineering Research Institute, Nanjing, China); plasma TNF-α and IL-1β were detected using an enzyme-linked immunosorbent assay kit (Beijing Yonghui Biological Technology, Beijing, China), according to the manufacturer's instructions.
Determination of collagen-related indicators
The collagen-related indicators including hydroxyproline (Hyp), type III precollagen (PCIII), laminin (LN) and hyaluronic acid (HA) were determined by radioimmunoassay (RIA) using commercially available kits (Beijing Furui Bioengi-neering Research Company, Beijing, China) according to the manufacturer's instructions.
Determination of NF-κB pathway activation
Total hepatic protein was extracted from liver tissues with radioimmunoprecipitation buffer containing a protease inhibitor cocktail (Sigma-Aldrich). Western blot was performed to assess the NF-κB pathway as described in our previous work [15] . The antibodies, including NF-κB-p65 (p65), phospho-NF-κB-p65 (pp65), IκBα, phospho-IκBα (p-IκBα) and GAPDH, were provided by Santa Cruz, USA.
Cell culture and cytotoxicity test HSC-T6 cells were provided by Shanghai Meixuan Biological Science and Technology Ltd. (Shanghai, China) and were cultured in Dulbecco's modified eagle medium (DMEM) with 10% FBS, 100 IU/ml penicillinstreptomycin and 1% glutamine in a humidified incubator under 5% CO 2 at 37 °C. Cells were seeded in 96-well plates (3×10 5 cells per well) for 24 h, and followed by treatment with various concentrations of trolline for 24 h. Finally, 100 μL MTT (5 mg/mL) was added to each well and incu bated for 4 h. The absorbance was measured at 570 nm using a microplate reader (Bio-Tek, USA). Survival (%) = 100 × (1-OD drug /OD control ) %.
Detection of α-SMA and collagen I expression levels
The expression levels of α-SMA and collagen I in HSC-T6 cells were detected using Western blot assay as described in our previous work [2] . Briefly, HSC-T6 cells were seeded in 6-well plates (3× 10 5 cells per well) overnight, then divided into four groups including normal control group (cells were treated with equal amounts of culture medium), trolline group (cells were treated with 10 μM trolline), PDGF-BB group (cells were treated with 10 nM PDGF-BB), and trolline + PDGF-BB group (cells were treated with10 μM trolline plus 10 nM PDGF-BB). Cells were treated with drugs (dissolved in 0.1% DMSO) for 24 h. The whole cell proteins were prepared by using RIPA buffer (Thermo Fischer Scientific, Inc., Waltham, MA). The antibodies Apoptosis analysis HSC-T6 cells were seeded in 6-well plates (3× 10 5 cells per well) overnight, then treated with 2.5, 5 and 10 μM trolline (dissolved in 0.1% DMSO) for 24 h. The Annexin-V-FITC Apoptosis Detection Kit (Bestbio, China) was used to evaluate cell apoptosis according to the manufacturer's instruction. The samples were analyzed within 1 h by FACS using CellQuest software. The experiments were repeated three times.
Detection of apoptosis-related protein expression and caspase activity
HSC-T6 cells were plated in 6-well plates (3 × 10 5 cells per well) overnight and treated with drugs for 24 h. The cells were washed twice with cold PBS, resuspended in lysis buffer and centrifuged at15, 000 × g at 4 °C for 15 min. Supernatants were collected and protein concentrations were measured using a Protein Assay Kit (Pierce, Rockford, IL, USA). The apoptosis-related proteins including Bcl-2 and Bax were detected by Western blotting. Caspase-3 and -8 were detected using commercially available kits (BioVision Research Products, CA, USA).
Detection of mitochondrial membrane potential
Mitochondrial membrane potential (MMP) is an indicator of mitochondrial function. In the present study, HSC-T6 cells were seeded in 96 well-plates (3 × 10 5 cells per well) overnight and treated with drugs for 24 h. MMP was measured using the lipophilic cationic dye JC-1 (5, 5',6, 6'-tetrachloro -1, 1',3, 3'-tetraethylbenzimi-dazolylcarbocyanine iodide), as described in our previous study [16] .
Detection of autophagic vacuoles
Autophagic vacuoles were detected by monodansylcadaverine (MDC) staining as previously described [17] . In brief, HSC-T6 cells were seeded in 6-well plates (3× 10 5 cells per well) and divided into five groups including normal control group, trolline control group (cells were incubated with 10 μM trolline), autophagy model group, 3-MA group (cells were treated with 5 mM 3-methyladenine) and trolline-treated group (cells were treated with 10 μM trolline). The cells were incubated with drugs (dissolved in 0.1% DMSO) for 24 h. Cells in the last three groups were serum starved for 24 h in 0.5% FBS to induce autophagy. Thereafter, cells were incubated with 0.05 mM monodansyl cadaverine in PBS at 37 °C for 10 min. The cells were than washed 4 times with PBS and observed under a fluorescence microscope at an excitation wavelength of 380 nm and emission wavelength of 525 nm.
Transmission electron microscopy HSC-T6 cells were seeded in 6 well-plates (3 × 10 5 cells per well) overnight, then treated with drugs for 24 h. Cells were sequentially harvested for morphological examination using transmission electron microscopy as previously described [18] .
RT-PCR assay
Total RNA was extracted by TRIzol reagent (Life Technologies, Inc.) according to the manufacturer's instructions, and RT-PCR assay was performed as described in our previous study [19] . The primers used in this study were as follows: NF-κB: 5′-GTT ATC GTT CAG TTG GTC ACA-3′ and 5′-ATA TGC CGT CCT CAC AGT-3′; Atg5: 5′-GGC CAT CAA TCG GAA ACT CAT-3′ and 5′-CAG CCA CAG GAC GAA ACA GC-3′; Atg7: 5′-GGC TCA TCG CTT TTT GCC A AC ATC-3′ and 5′-GCA CTG CTG GTC CAA GGT CCG-3′; GAPDH: 5'-CGC CTG CTT CAC CAC CTT-3' and 5'-CCT GCC GCC TGG AGA AA-3'.
Autophagy-related proteins expression
Whole cell proteins were prepared using RIPA buffer (Thermo Fischer Scientific, Inc., Waltham, MA). Western blot was carried out as described in our previous work [2] . The antibodies used in the present study were: Atg5, Atg7, Beclin-1, LC3 I/II and P62 (1:500) (Cell Signaling Technology). The detected proteins were normalized to GAPDH (Santa Cruz Biotechnology) or the respective total protein, as appropriate.
Statistical analysis
Statistical analysis was carried out using the Software of SPSS software (Ver.11.5) as described in our previous study [2] . Differences between the groups were assessed using a one-way analysis of variance (ANOVA) with a Tukey's test for post hoc multiple comparisons. The data are presented as the means ± SD. A p-value < 0.05 was considered statistically significant.
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Results
Trolline alleviated liver injury in rats
Hepatic injury was observed by H&E staining. As shown in Fig. 2A , the liver tissues in the normal control and trolline control groups showed normal lobular architecture with central veins and radiating hepatic cords (Fig. 2 A1 and A2) . The livers in the CCl 4 model group revealed severe pathological damage, as evidenced by hepatocyte loosening, fatty degeneration, portal inflammation and necrosis ( Fig. 2 A3) ; interestingly, these damaged areas were markedly reduced by trolline treatment (Fig. 2 A4) . In addition, serum ALT, AST, ALP and GGT, which are biochemical indicators of hepatic damage, were significantly increased in the CCl 4 model group, while trolline treatment markedly decreased the levels of ALT, AST, ALP and GGT (Fig. 2B) . These results suggest that trolline can alleviate liver injury induced by CCl 4 in rats.
Trolline reduced fibrogenesis
The degree of hepatic fibrosis was assessed by Masson's trichrome staining. Liver tissue in the normal control and trolline control groups showed traces of collagen only in the walls of major blood vessels (Fig. 2 C1 and C2 ). Exposure to CCl 4 resulted in the extensive accumulation of collagen in liver tissue (Fig. 2 C3) . In contrast, trolline treatment significantly reduced collagen production and deposition (Fig. 2 C4) . Moreover, the collagenic biomarkers including Hyp, PCIII, LN and HA were elevated in CCl 4 -treated rats. However, these elevated levels of collagenic biomarkers were significantly decreased by trolline treatment (Fig. 2D) . These results indicate that trolline can significantly inhibit hepatic fibrogenesis. 
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry cytokines were reversed by trolline treatment (Fig. 3 A) . NF-κB is a key transcriptional factor for regulation of the expression of various pro-inflammatory mediators. As shown in Fig. 3B , trolline administration significantly decreased the phosphorylation of IκBα and p65 compared to the CCl 4 model group. Similarly, the RT-PCR analysis showed that trolline inhibited the level of NF-κB mRNA in liver tissue (Fig. 3 C) . These results suggest that trolline inhibits the inflammatory response via downregulation of NF-κB activation.
Trolline reduced HSC-T6 cell viability and activation
The cytotoxicity of trolline in HSCs cells was assessed by an MTT assay. As shown in Fig.  4A , treatment with trolline for 24 h significantly inhibited cell viability in a dose-dependent manner. The 50% inhibitory concentration (IC 50 ) was 16.5 ± 4.2 μM. In addition, the results showed that trolline significantly reduced the expression of α-SMA and collagen I (Fig. 4B) , suggesting that trolline can inhibit HSC activation.
Trolline induced HSC apoptosis
As shown in Fig. 4C and 4D , trolline significantly increased the ratio of apoptosis in a concentration-dependent manner in HSC-T6 cells. Moreover, trolline significantly reduced the expression of the anti-apoptotic protein Bcl-2, while increased the expression of the pro-apoptotic protein Bax (Fig. 4E) . In addition, trolline markedly increased the activity of caspase-3 and -8 in a concentration-dependent manner in HSC-T6 cells (Fig. 4 F) . These results indicate that trolline significantly induces HSC apoptosis partially through the modulation of the apoptosis-related protein expression and the caspase activity.
Trolline reduced mitochondrial membrane potential (MMP)
To investigate the effect of trolline on the mitochondrial pathway of cell death, MMP was assessed using JC-1 fluorescence staining. As shown in Fig. 5 , trolline treatment significantly decreased red fluorescence intensity and increased green fluorescence intensity. In other words, trolline reduced MMP, therefore inducing mitochondrial dysfunction.
Trolline inhibited autophagy
Autophagy can exacerbate liver fibrosis through the degradation of lipid droplets that provide energy to HSCs. By using the autofluorescent monodansyl cadaverine dye, we observed that trolline significantly reduced the formation of autophagic vacuoles in HSCs-T6 cells compared to the model control group (Fig. 6 A) . Moreover, we used electron microscopy to observe autophagosomes. Compared with the normal control group, increased lysosomes and autophagosomes were observed in the autophagy model group. As expected, following trolline treatment, cell structure showed more integrity, with fewer lysosomes and autophagosomes (Fig. 6 B) . In addition, we also analyzed the important markers of autophagosome formation, such as Beclin-1, LC3, and P62. As shown in Fig. 6 C and D, compared to the autophagy model group, trolline notably decreased the ratio of LC3-II/LC3-I, and the expression levels of Beclin-1 and P62. To further confirm our findings, we also analyzed the levels of Atg 5 and 7, which are involved in conversion LC3-I to LC3-II. As shown in Fig. 6 E and F, trolline significantly reduced both mRNA and protein expressions of Atg 5 and 7. These results indicate that trolline attenuates liver fibrosis, at least in part, by inhibiting autophagy in HSCs.
Discussion
Liver fibrosis, a transient process that occurs before the end-stage of cirrhosis, is caused mainly by chronic liver injury [20, 21] . In this study, hepatic fibrosis model was induced by CCl 4 in rats. The H&E staining showed that CCl 4 administration led to severe histological damage of liver tissue; however, trolline treatment significantly attenuated the degree of liver injury. Moreover, the serological assay revealed a significant increase in the activity of serum ALT, AST, ALP and GGT in the CCl 4 model group, indicating serious hepatocellular injury; while trolline treatment notably decreased the activity of these enzymes. Furthermore, our study showed that CCl 4 caused extensive accumulation of collagen and increased the contents of the collagen-related indicators Hyp, PCIII, LN and HA; however, these abnormal changes in collagen induced by CCl 4 were reversed by trolline treatment. These results indicate that trolline treatment can alleviate CCl 4 -induecd liver injury and fibrosis in rats.
Inflammation is an important pathological mechanism that propagates liver injury. As an essential processe for subsequent fibrogenesis, the inflammatory response is known to participate in collagen synthesis and accumulation. Therefore, decreasing the levels of proinflammatory cytokines may be beneficial in liver fibrosis. In the present study, the contents of IL-1β and TNF-α were significantly increased in the CCl 4 model group but were markedly decreased in the trolline-treated rats, suggesting that trolline ameliorates liver injury, possibly through restricting the levels of inflammatory cytokines. To further investigate the underlying mechanism of trolline against inflammation, we also examined the activation of the NF-κB pathway, which is critical for the expression of various pro-inflammatory enzymes and cytokines. Its activation occurs mainly through phosphorylation and thereby degradation of the inhibitory molecule IκBα, releasing the cytosolic dimer NF-κB p65/ p50. The cytosolic dimer translocates into the nucleus and binds to DNA to stimulate the transcription of target genes [22] . Our results showed that CCl 4 dramatically induced NF-κB activation as evidenced by the increase in the phosphorylation of IκBα and p65. However, trolline treatment significantly decreased CCl 4 -induced NF-κB activation. Taken together, these results suggest that trolline attenuates inflammation in the liver, at least in part, by suppressing the NF-κB signaling pathway.
Hepatic stellate cells (HSCs), the primary effector cells in the liver, are involved in the development of pathological fibrosis [23, 24] . Thus, insight into mechanisms that regulate HSC activation is considered key for the treatment of hepatic fibrosis. In this study, trolline treatment significantly reduced HSC-T6 cell viability, as shown in the MTT assay, and inhibited HSC-T6 activation, as evidenced by the decrease in expression of α-SMA and collagen I. On the other hand, apoptosis plays an important role in cell proliferation, differentiation, senescence and death. The potential to induce HSC apoptosis has also become an important strategy in the treatment of liver fibrosis [25, 26] . In the present study, our results firstly showed that trolline markedly promoted HSC-T6 cell apoptosis. To further examine the role of trolline in cell apoptosis, apoptosis-related proteins (Bcl-2 and Bax), caspase activity (caspases-3 and -8), and mitochondria membrane potential (MMP) were also assessed in HSC-T6 cells. The Bcl-2 family protein is comprised of pro-apoptotic proteins (e.g. Bax) and anti-apoptotic proteins (e.g. Bcl-2). The ratio of Bax to Bcl-2 plays an important role in determining whether cells will undergo death or survival [27] . Meanwhile, caspase activation is the molecular hallmark of apoptosis and plays an important role in apoptosis [28] . Additionally, previous studies have confirmed that mitochondria play a pivotal role in cell metabolism and cell survival. Main pathways of cell death are activated in response to mitochondrial dysfunction. Moderate injuries cause the collapse of mitochondria membrane potential (MMP) and lead to an increase of pores in the mitochondrial outer membrane, resulting in cytochrome c release into the cytosol and potentially leading to apoptosis [29] . In the present study, we found that trolline significantly increased the ratio of Bax/Bcl-2 and the activity of caspase-3 and -8, while decreasing MMP, suggesting that trolline significantly induces HSC-T6 cell apoptosis via modulation of apoptosis-related protein expression, caspase activity and MMP level. Taken together, our results indicate that trolline exerts anti-hepatic fibrosis, largely through inhibiting HSC activation and promoting cell apoptosis. Autophagy, a process by which cells degrade and metabolize their own constituents, is an evolutionary conserved fundamental cellular process. It is mediated by several autophagyrelated proteins, such as LC3, Beclin-1 and P62. Activation of autophagy is accompanied by transformation of LC3-I into LC3-II, as well as P62 degradation [30] . Recently, it was reported that autophagy exacerbated liver fibrosis through the degradation of lipid droplets in HSCs providing energy for the activation of HSCs. In contrast, inhibiting autophagy could decrease HSC proliferation and promote HSC apoptosis [31] , suggesting that autophagy may be a possible target in the prevention of HSC activation. In this study, we found that trolline significantly reduced the formation of autophagic vacuoles and the number of autophagosomes. Moreover, it markedly inhibited the conversion of LC3-I to LC3-II through decreasing the expression levels of Atg 5 and 7. Additionally, trolline markedly decreased the expression of Beclin-1 and P62. Our findings indicate that trolline may inhibit the activation of HSCs partially through down-regulation of autophagy.
Conclusion
Our results indicate that trolline significantly ameliorates hepatic fibrosis by inhibiting the NF-κB pathway, promoting HSC apoptosis, and suppressing HSC autophagy. This study demonstrates that trolline has great potential as a new agent for the treatment of liver fibrosis.
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